Abstract The ordered arrays of anisotropic mesostructure metal nanoparticle (diameter size in the range of 15 to 200 nm) characteristics are indeed influenced by the combined effect of packing constraints and inter-particle interactions, that is, the two morphological factors that strongly influence the creation of the particles' shape. In this work, we studied on how the degree of truncation of Ag nanoparticles authorised the mesostructured morphologies and particle orientation preferences within the mesosparticle arrays. The Ag represented the best and most versatile candidate and known for its highest electrical conductivities among other transition metals in periodic table. The interest is motivated by the need to understand the inevitable morphological transformation from mesoscopic to microscopic states evolve within the scope of progressive aggregation of atomic constituents of Ag system. The grazing information obtained from HR-TEM shows that Ag mesosparticles of highly truncated flake are assembled in fcc-type mesostructure, similar to the arrays formed by microscopic quasi-spherical structure, but with significantly reduced packing density and different growth orientations. The detailed information on the size and microstructure transformation have been gathered by fast Fourier transform (FFT) of HR-TEM images, allowing us to figure out the role of Ag defects that anchored the variation in crystallite growth of different mean diameter size particles. The influences on the details of the nanostructures have to be deeply understood to promote practical applications for such outstanding Ag material.
Introduction
Recently, the use of metallic nanoparticles as a cornerstone of many advanced materials for frontier applications in several competitive technological fields ranging from quantum electronics to biomedical and catalysis have received increasing attention as the results of their outstanding properties [1] [2] [3] [4] [5] [6] [7] [8] [9] . A critical control regarding the synthesis protocols is dedicated entirely to the design of metal mesostructured (mean diameter size in the range of 100 down to 10 nm) and their synthesis routes. On that note, the explanation of synthesis protocols is capable in demonstrating the principal growth activity and innovative crystallisation pathways that are of the primary matter. The hierarchical structures that yield the properties of the materials can be tuned precisely by nanoparticle sizes which represent the versatile route to induce the oriented arrangements of different nanostructure materials. A large variety of structural types is influenced by the variation of inter-particle interactions such as dipolar, van der Waals interactions as well as modification of the surrounding capping agent shells.
As a matter of fact, in the case of individual pure metal structures, which have been widely investigated by many synthesised routes, the excellent properties are often related to the coupling of nanocrystals based on the type of microstructure that induced the synergic behaviour. The synergic energy efficiently enhances the intrinsic physicochemical properties of the particles and thus created a difference in surface properties that triggered either isotropic or anisotropic growth of nanoparticles [10] [11] [12] [13] [14] [15] . In most cases, the mesostructures formed from the anisotropic nucleation. The anisotropic colloids typically lead to face-toface oriented assemblies [16] [17] [18] [19] . Similarly, the firm preference of face-to-face stacking of anisotropic nanoparticles consistently leads to a size and shape-selective self-segregation of silver nanoparticles dispersions containing particles of varying sizes and shapes [20] .
Many studies have been devoted to the atomic scale characterisation to explore the detailed microscopic description of noble silver nanoparticles (AgNP) [21, 22] . AgNP system is indeed one type of system that shows a very promising candidate for broad applications including nanoelectronic field [23] [24] [25] [26] [27] [28] . In fact, the current technological demand related to the optical, sensors and clinical needs advanced technologies for nanoparticle size within the microscopic state (≤ 10 nm) [27, [29] [30] [31] . As the scale of the mesoscopic AgNP is reduced towards the microscopic regime, the arrangement of smaller particles inevitably creates defects within the particles assembly such as stacking faults and point defect [3, 32] . This time, the definition of mesoscopic structures includes crystallographic alignment of the nanoparticles gradually disappears as it reached microscopic state [33] [34] [35] . The mesoscopic particle size demonstrates enormous promise for a sizedependent application that is now of central importance, especially in diverse electronic device technology.
The AgNP morphological variation in the mesoscopic state includes quasi-prisms, quasi-flakes and quasi-triangles. On the other hand, microscopic state mainly dominates by the quasi-spherical shape. In the case of microscopic Ag crystalline seeds structures, surface defect dominates the nucleation sites which facilitates secondary growth and the creation of new interfaces as well as the grain boundaries which results in the evolution of nanoparticles' geometries [36] [37] [38] [39] . Smaller AgNP shows a high density of defects at the surface, which in fact, the creation of such defect is energetically favoured during the growth process, promoting a preferential diffusion path for Ag atoms to be incorporated at the surface. However, the complex surface structure of microscopic AgNP in size range of 5 down to 1 nm has not been deeply studied due to their complexity in chemical functionalization and the structural diversity generated by the variations of nanoparticles' morphology.
We demonstrate an investigation that intensely focused on the morphological transformation from mesoscopic to microscopic scale of AgNP. In particular, we focused the analysis on the first stage of the growth process that is created by relatively small variations of the nanoparticle shape with the purpose of better describing the basics of the synthesis mechanism. To investigate the detail morphological characteristics of particle microstructure at the atomic scales such as quasi-spherical and truncated nanoflakes, we used transmission electron microscopy (TEM) with high-resolution TEM (HR-TEM). Also, the analysis of HR-TEM image by fast Fourier transform (FFT) permitted ascertaining the mutual relationship between nanoparticles of different size regime.
Experimental
The silver nitrate, AgNO 3 (ACS reagent, ≥ 99%) was used as a precursor, and polyethylene glycol (MW 8000) acts as a reducing agent employed in this study were obtained from Sigma-Aldrich Chemical Company, USA. DAXAD 19 (MW 6000) received from Geo Specialty Chemical, USA, was used as a stabiliser. The aqueous solution was prepared with double distilled water from Millipore system. Unless otherwise indicated, all the reagents and solvents were used without further purification.
AgNP was synthesised according to the procedure reported in Refs. [28, [40] [41] [42] [43] [44] . 6.21 mg of PEG was first diluted in 70 ml of deionised water. The aqueous PEG solution was then stirred and heated to 333 K for 30 min. Following this, 3.68 mM of theAgNO 3 solution was added into the solution whilst the temperature was kept constant at 333 K under magnetic stirring. 10.21 mM of DAXAD 19 solution was then added immediately to the aqueous mixture consisting of AgNO 3 and PEG giving the entire total solution of the reaction to be approximately 80 ml. Once DAXAD 19 solution completely mixed up in the solution, the reaction was left to proceed with constant stirring at 333 K for another~2 h to promote the complete growth of Ag particles. The colour of the solution was observed to change from light yellow to brownish-red and finally into greenish-brown sediment which is interrupted depending upon which particle size is required. Different size of as-produced AgNP was collected from various temperature reactions and chemical reagent concentration. Sixty-five microlitres of colloidal solution in ethanol was then prepared without adding any supplementary stabiliser.
TEM images were captured with a JEOL JEM-2010 (USA) using LaB 6 filament operated at 200 kV. The specimens were prepared by depositing a drop of a dilute ethanol dispersion of AgNP on carbon-coated copper grids. The samples were then allowed to evaporate rapidly at room temperature. AgNP size was obtained by manually measuring the diameter or edge length of at least ten different spots viewed under TEM. The HR-TEM images were obtained with a JEOL JEM-3000F operated at an accelerated voltage of 300 kV.
Results and discussion
TEM bright-field image of purified AgNP mesostructures having the mean diameter size, d m , between the range of 50 and 200 nm is shown in Fig. 1a . This group of mesostructured particles is also considered as a large mesostructured phase. The figure indicates the typical organisation of a few layer ultra-thin individual Ag aggregated in nanoflake-like structures. The morphology confirmed the presence of truncated tetrahedron and octahedron flake-like shape of AgNP. The corresponding invert selected area diffraction pattern (SADP) of individual particles within the aggregates is displayed in Fig. 1b . The image gives mass thickness and diffraction contrast. Hence, the brighter appearance indicates the particle remnants. The particle size distribution generates a bimodal distribution with mean diameters, d m , of 80 ± 3.6 and 120 ± 4.2 nm. The calculation of d m was measured based on ten different images for each sample as indicated in Fig. 1c . It is indeed accepted that the shape and morphology of the AgNP can be varied based on the size-dependent properties. The formation of relatively larger AgNP typically possesses wider size distribution that results in a broad variation in the morphology of the nanoparticles with less presence of quasispherical particles accompanied by the majorly desired generation of other polyhedral nanoparticles (i.e. triangular prism, decahedron, icosahedron, octahedron, cuboctahedron, dodecahedron). Thus, larger particles tend to have polydispersity shape and morphology distributions. The generation of different surface structure shape of polydispersed AgNP is encouraged by the slow nucleation reaction that allows moderate growth of small stacking particles at the approximately different rate. The nanoparticles are considered to arbitrarily oriented in the suspension solution. As noted in micrographs, cuboctahedron morphology signified segregation with the densest packing particles at its edges forming a highly reactive site that showed by the polished edges characteristic. The larger tetrahedron and octahedron are often observed within this regime where face-centred cubic (fcc) structures are expected. It is reasonable to assume that the shapes are majorly influenced by the kinetic energy where the slow coarsening in specific crystallographic directions drives the AgNP structures stable and in equilibrium. The average density of particles' image estimated using the autocorrelation-based density features are obtained from the Fourier transform (FT) of the diffraction pattern on the given area of 260 × 260 nm 2 ( Fig. 1d) . The autocorrelation function of TEM image reflects features (shape and radial patterns) in the structure where the central peak is always at the origin (rainbow ring colours at the centre). The profiles are the characteristic of the AgNP structure and of the degree of ordering in the array. The autocorrelation fitting does permit the deduction of the mean inter-particle distance and the correlation length [45] .
As far as morphology is concerned, the TEM image in Fig. 1e exhibits a continuous multiply-twinned particles (MTPs) decahedron and cuboctahedron nanocrystal arrangement connected by the boundary between the twinned units. The preliminary morphological observation by bright-field TEM demonstrated evidence on the existence of typical cuboctahedron and tetrahedron AgNP aggregates, where individual nanoparticles are larger than the ones observed for pristine AgNP (red circle). A closer observation on pristine AgNP evidenced the presence of typical quasi-spherical shapes of about d m ≈ 9 ± 1.2 nm. On top of that, as indicated in Fig. 1f , the particle size of about d m ≈ 70 ± 4.1 nm dominated the particle distribution which majorly influenced by the presence of truncated decahedron and tetrahedron shapes. The MTP arrangement is a kind of self-assembled organisation strictly dependent on the mechanism of electrostatic interactions which acts differently between the particle facets for small mesoscopic particle structure (> 10 nm). The high structural quality of AgNP mesostructures from various crystallographic facets is observed to be stable based on the presence of high-purity crystalline phase as proved in the XRD spectrum ( Fig. 1g ) that proposed the explanation of defect structures in the heteroepitaxial growth of larger AgNP as they composed of a combined small mesoscopic particles arrangement. Moreover, the mesoscopic particles' edges showed shiny appearance, and glossy surface indicates the reactive sites of the electrons that are reflecting the incident light on them as well as contributes to their metallic state behaviour.
The arrays formed by intermediate mesoscopic particles (with d m ≈30 to 100 nm) are mainly in the shape of the quasi-truncated pentagonal pyramid consists of the polyhedron (e.g. cuboctahedron, icosahedron and decahedron and tetrahedron) as observed in Fig. 2a . The individual AgNP is now smaller than the one observed for larger mesoscopic AgNP (> 100 nm). Nucleation phases, growth and coalescence dynamics are some of the factors that govern the fine changes in the formation of AgNP aggregates [35] . In this regime, the tetrahedral linkage is preserved with angles and lengths that are slightly different from the previous one. The profile of the octahedral shape is directly observed with the coexistence of a few larger mesoscopic particles owing to the characteristic of MTPs crystals. For typical transition metals such as Ag, the fivefold twin structures of MTPs allow twinning on other coplanar twin planes [3, 46, 47] . Moreover, the truncated tetrahedral Ag nanoflakes with well-defined planes were observed to have light truncated corners (Fig. 2b) . Tetrahedral flakes and MTPs decahedral are the predominant morphologies within this regime that have an intense percentage of high-density {111} facet with low percentage {100} facet. In this case, truncated triangle nanoflakes possess the fcc structure with high atom density {111} surface. Comparatively, the total number of AgNP as planar equilateral tetrahedral flake, intermediate size of decahedral, large truncated octahedral and icosahedral aggregates for this d m ≈ 60 ± 3.5 nm sample (Fig. 2c) was~122, 263, 112 
It worth to note that, the decahedral and triangular flakes depends on their relative stability instead of the size-dependent domination in determining their property. At the larger size, the favourability of the high surface-to-volume ratio is gradually invisible. The emergence of {110} facet relatively on the {100} facet is substantially lowered the surface energy due to the low surface melting temperatures. In addition, Fig. 2d , e shows the autocorrelation function obtained by the inverse FFT. It shall be noted that the illuminated area belongs to both backgrounds and the decahedron presence in Fig. 2a, b , respectively. The colours represented the average atomic potential corresponding to the Ag atomic columns. In particular, the tetrahedral flakes and its similar morphology are often shown a superior strength due to both kinetic and thermodynamic influences drive the structures to be in equilibrium and increase in the surface energy.
The tetrahedron symmetry proves the typical fivefold twinned structure of the fine quasi-spherical mesoscopic AgNP (Fig. 2f) . At this regime, as the size of AgNP decreases, the number of facets also decreases, and the morphology tends to change to quasi-sphere. Therefore, the transition from a medium size of cuboctahedron to a small tetrahedron deliberately remarks the thermodynamical instability based on some defects on the shape changes. This follows directly to the total edge energies that are now estimated as much as 3 to 4 orders of magnitude smaller than the total energies owing by few adjacent surface facets [48] . In some ways, the total free energy from the MTPs boundary orientation and certain configurations do indeed stabilise the defect where the shape gradually maximise the surface-to-volume ratio from moderate (decahedral) to a high (icosahedral) fraction of the planar defect. Besides, in the case of quasi-spherical structure and alike, the symmetry element is considered to have only one orientation as compared to decahedron that is more symmetry (fivefold symmetry axis), in this case, having three orientations. For example, major differences were observed as depicted in Fig. 2g for d m ≈ 25 ± 2.3 nm particle sample (Fig. 2h) in which the accumulation of similar shaped AgNP indicated the presence of the monocrystalline structure. The FFT of the sample as indicated in Fig. 2h shows the particles are indeed crystalline even when the size becomes smaller and now within the phase of smaller mesoscopic state regime. The twin particles have a combination of two types of crystal arrangements which are fcc and tetragonal (5H). Fcc is a major contribution geometry with almost 80%, and the remaining is contributed by the 5H. Further analysis proceeded with a deeper investigation on the respective organisation of microscopic AgNP for the sequence of size transformation (< 10 nm). As the particle size is reduced to the microscopic regime, the characteristics in which appeared in macroscopic or mesoscopic states are not visible. Microscopic particles are viewed as a subdivision of mesoscopic bulk metallic phase of macroscopic solid. The SADP TEM image reported in Fig. 3a shows the distribution of small microscopic particles recorded as white crystals with d m size of 7 ± 1.2 nm (Fig. 3b) for Ag < 400 particles. Most of the AgNP were found to be quasi-spherical, monodispersed in distribution and consisted of single crystalline AgNP as indicated in Fig. 3c . The HR-TEM image of microscopic AgNP taken from Fig. 3a with d m ≈ 9 nm (Fig. 3c) shows the edge of an individual AgNP characterised by a decahedron lattice having a spacing ofa ≈ 0.21 nm with the presence of multiply-twinned crystalline plane. Although under low resolution, the particles have been shown to be faceted and typically enclosed with low index surfaces [49] [50] [51] [52] . The truncated version of particles is not available for the d m below 10 nm. Moreover, it can be observed that only the line tension of the re-entrant edges is present for the size range of 8 to 10 nm [53, 54] . In the case of morphologies with quasi-spherical symmetry, the shapes include icosahedron, truncated octahedron and alike. At this particular regime, icosahedral structure (20 facets) is mainly possible whenever the size of AgNP is smaller than 4 nm, whilst decahedral morphology (24 facets) is stable within the interval size of 4 and 9 nm. At 10 nm and above, octahedra (26 facets) structure usually dominates. In fact, the FFT was recorded in the same region of Fig. 3c . This symmetry dominantly exposed {110} as a main zone axis, as confirmed by the FFT shown in Fig. 3d . In this region, we observed a continuity of Ag {110} planes into {111}, {200}, {220} and {222} planes [55] , also represented the fivefold orientation of the icosahedral structure. In the case of a very tiny AgNP (between 1 and 4 nm in size diameter), the micrograph images are much less conclusive concerning to the surface morphological structure, primarily due to the fluctuations at the surface generated by the electron beam as depicted in Fig. 3e . At this point, the difficulty is much visible in discerning their morphological characteristics since the intensity signal is quite low. However, the facets of the AgNP are consistent with the icosahedron symmetry. Clearly, Fig. 3e reveals the presence of well disseminate discrete and microscopic sized AgNP that are quasi-spherical in shape. Nonetheless, the FT indicated that the structures are indeed crystalline (Fig. 3f) . The isosurface renders the reconstruction in which the internal lattice is visible in the form of twofold symmetry orientation. Furthermore, a fraction of 'dissolved' AgNP are partly observed among the particles which mostly in the form of particulate Ag and exists as elemental AgNP [56] .
As far as we are concerned, a thorough understanding of the link between mesoscopic and microscopic regimes in AgNP and other metallic nanoparticle systems have still not been resolved, although some discussions have been already concluded. For instance, it has been quantified that the single twin plane (twofold symmetry) in the atomic seed leads to further progress of triangular prisms, whereas in the latter formation of two parallel twin planes, tetragonal AgNP is formed. In this case, as the particle becomes smaller and tiny (microscopic size), the coexistence of adjacent crystallites of grain boundaries (two-or threefold symmetry) allow different orientations to a similar fivefold constituent of nanoparticles grain boundaries. These fold constituents are typically a characteristic of the core icosahedral structure. Indeed, the 1 to 4 nm AgNP shows a quasi-spherical shape which is consistent with the icosahedral feature. Three separate reaction processes involved in the formation and growth of metal nanoparticles that includes coagulation, coalescence and aggregation of atoms or tiny particulate clusters. Later, they apparently dominate in the growth mechanism in which high rate of coagulation and coalescence produced broader size distribution (large aggregates). Therefore, the shape transition of AgNP with the d m between the range of 10 and 40 nm involves only faceted spherical shapes of truncated triangular prism, octahedron, decahedron and cubooctahedron. In fact, the sizemorphology relationship becomes more complex as the system is departed from equilibrium when the d m is less than 30 nm. In this sense, the types of defects and grain boundaries yield a critical factor in the emergence of different morphologies that are significantly dependent on the correlated size of nanoparticles [57] . A high proportion of {110} facets induced equilibration of nanoparticles since the twinning is far stable. Hence, the size-dependent equilibrium ordering starts from icosahedron (high fraction of planar defect) to decahedron (moderate fraction of planar defect), to truncated prism and octahedron at larger sizes.
In fact, the mesoscopic AgNP is formed during the growth of repeated cyclic twinning. The mistacking of microscopic atoms at faces of low growth rate produces re-entrant edge configurations that enable accelerated growth along the twin boundary [58] [59] [60] . At the particle level growth, the twinning process proceeds by the presence of primary, secondary and tertiary twins on pre-existing tetrahedra. A much higher rate of particle rotations produced from particular configurations such as temperature reaction does indeed increase the strain relief through lattice distortions. On that note, icosahedra are formed from the successive stacking of tetrahedra. In the case of microscopic AgNP, the quasi-spherical shape is observed more than often within this size regime due to the low strain and twin energy yield from spatial discontinuities of regular fcc subunits.
The FFT analysis has been performed to distinguish the selected AgNP crystallinity. The image analysis through the FFTs and their explanation for the details of the microstructure have employed for a quick and reliable method for the observation of the presence of a single crystalline AgNP. The method is equivalent to diffraction nanoanalysis but without the limitations imposed by the beam convergence, which allocates similar structural information with added mutual crystallographic orientation. In this case, the evidence of nanodiffraction features of the AgNP belongs to the indexed of {110} zone axis. In fact, the different intensity of the lattice fringes of AgNP atomic lattice is related to different height corresponds to the focal plane imaging intersects at various atomic layers height at the axis normal to the image plane. Taking consideration of the morphological and qualitative information, it is deduced that AgNP also characterised the cubic structure at {220} plane of lattice fringes with the possible rotation angle of Ag at {110} planes based on the van der Waals interactions at the interface. On this basis, the definition of the edge-to-volume and surface-to-volume ratios does contribute to the critical size in which to some degree fully depends on the shape and size of the particles.
Conclusion
AgNP assemblies produced using improved synthesis path have been performed to shed light on their morphological and structural transformation from mesoscopic to microscopic size regimes. The characterisation procedure used in the present work could also be extended to a deeper analysis of a similar system. AgNP has been synthesised by reducing the Ag + salt in the presence of water dispersion, with further heat treatment and additional of reducing agents to varying the size of the nanoparticles [40, 41] . Modifying the synthesis method by adjusting the growth of the reaction parameters mediates the crystallisation processes, thus modulating the size and geometrical of AgNP. In this respect, image analysis and HR-TEM observations revealed the structural details of AgNP crystallites and yielded valuable information on their mutual assembly. Active local topological effect of AgNP from HR-TEM images confirmed the presence of crystalline microscopic AgNP with fcc symmetry and organised along the {110} zone axis, with defined orientation growth surfaces. It has been ascertained that tiny microscopic AgNP has a quasi-ellipsoidal shape with d m between 1 and 10 nm. The assembling of MTPs suggests the presence of twinning effect that likely to influence the outer morphology and symmetry of the crystals depending on interfacial interactions. Even mesoscopic and microscopic AgNP belong to the same crystal space groups, they do not share a common atomic cubic arrangement but still retained that a common {111} crystallographic orientation. These support interface interactions and mutual orientation relationship. The transition geometry of AgNP into ellipsoidal shapes and the presence of crystal defects are the features of the small particle surfaces as compared to the mesoscopic ones. In this context, the mesoscopic surface topography (> 10 nm) act as sinks for the defects of small microscopic AgNP. However, the smallest the particles would be, the more reactive the system would become. In fact, for individual particles, the defects become higher. Although the MTPs is significant, defects realised these AgNP-based systems particularly attracted the attention for biomedicine and optical applications.
As a summary, the symmetry dependent properties of AgNP does indeed influence the morphological transition shape from truncated single crystalline to MTPs structure of quasi-ellipsoidal particles with decreasing size. The icosahedral symmetry for mesoscopic particles contributes to the different physical and chemical properties that typically increase with larger particles size. The major driving factor in the phase transition has been demonstrated to be the sturdy energy of anisotropic fcc single crystals replaced by the stable icosahedral organisation below the 10 nm particle size. The quasi-ellipsoidal particles are more stable as they own ordered phase from the fivefold point group organisation symmetry. This demonstrated that the order changes not only in size but also in their morphological characteristics. Isolated and smaller AgNPs benefit many twenty-first century applications based on their specific particles distribution including functionalised nanosilver-based sensors, artificial microstrip nano-antennas for enhanced light harvesting, flexible screen display and therapeutic agents in medicine. Broad studies are necessary to ascertain the effect of the respective morphological characteristics in this behaviour.
